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Abstract. As a consequence of flood impacts, communitiespopulation dynamics and the associated economic develop-
inhabiting mountain areas are increasingly affected by coniment in flood-prone areas, which affects flood vulnerability.
siderable damage to infrastructure and property. The desigitherefore, even without taking climate change into account
of effective flood risk mitigation strategies and their subse-an increase of flood disasters in Europe may be expected
quent implementation is crucial for a sustainable develop-(Mitchell, 2003).

ment in mountain areas. The assessment of the dynamic evo- The Directive on the Assessment and Management of
lution of flood risk is the pillar of any subsequent planning Flood Risks addressed to the Member States (Floods Di-
process that is targeted at a reduction of the expected adversective) was issued in 2007 (Commission of the European
consequences of the hazard impact. Given these premise€ommunities, 2007) as one of the three components of
firstly, a comprehensive method to derive flood hazard prothe European Action Programme on Flood Risk Manage-
cess scenarios for well-defined areas at risk is presented. Semient (Commission of the European Communities, 2004).
ondly, conceptualisations of a static and dynamic flood riskWithin this Directive, flood events (defined in their broad-
assessment are provided. These are based on formal schenes sense, including both water and sediment transport pro-
to compute the risk mitigation performance of devised mit- cesses) have been officially acknowledged to be natural phe-
igation strategies within the framework of economic cost- nomena which cannot be prevented. Such events have the po-
benefit analysis. In this context, techniques suitable to quantential to severely compromise economic development and
tify the expected losses induced by the identified flood im-to undermine the economic activities of the Community due
pacts are provided. to an increase of human activities in floodplains and the re-
duction of natural water retention by land use practices. As
a result, an increase in the likelihood and adverse impacts
) of flood events is expected. Therefore, concentrated action
1 Introduction is needed at the European level to avoid severe impacts on

) ) ¢ 'h human life and property. In order to have an effective tool
In recent years, increasing numbers of natural hazards ang, 5jiaple for information on flood risk, as well as a valuable

associated losses have shown to the Eurqpean CommissigRgis for priority setting and further technical, financial and
and the Member States of the European Union the paramourfyitical decisions regarding flood risk mitigation and man-

importance of assessing flood risks to protect the e”Viron'agement, it is necessary to establish flood risk maps which

ment and the citizens (Barredo, 2007). There is some Sciengy the potential adverse consequences associated with dif-
tific evidence of an increase in mean precipitation and Preerent flood scenarios.

cipitation intensity, which implies that extreme flood events |, ihis paper, flood risk is defined taking a natural sci-

might become more frequent (Keiler et al., 2010). In paral-gptific viewpoint; it is expressed by a risk equation which
lel, exposure to floods might increase across Europe due to
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3572 B. Mazzorana et al.: Towards dynamics in flood risk assessment

includes the probability of occurrence of a flood hazard sce-et al., 2012). Especially the effects of changing channel mor-
nario (ps;), the value of elements at risk exposeth(), the phology over time and the reduction of cross-sectional areas
related vulnerability in dependence on the flood hazard scedue to clogging were found to significantly amplify process
nario @o;, s:), and the probability of exposure of elements at magnitudes and frequencies (Comiti et al., 2008). In order
risk to the flood hazard scenaripd;, s;). to improve risk analyses, flood hazard scenarios need to be
Ri i = f(psi. Ao vossi 6 (1) re-established ba;ed on such issues. .

i psi> 40j,V0j.Si> PO).Si Therefore, the risk assessment approach has to be tailored.

This risk concept, however, is static while both hazard sce-Recently, a nested—scenario approach was proposed by Maz-
narios and elements at risk exposed show a dynamic evozorana and Fuchs (2010a), which is composed of different
lution. Risk related to flood hazards is subject to temporallevels: (1) natural hazard scenarios, (2) exposure scenarios,
changes since the risk-influencing factors are variable ove(3) vulnerability scenarios, and (4) analyses of values at
time. Firstly, the design discharge — as one pillar of the floodrisk, resulting in (5) risk scenarios. According to the con-
hazard scenario — may be altered due to changes in the preeptualisation of risk, these nested components have multi-
cipitation regime, in the retention area available and due tople functional dependencies among each other, resulting in
changes in the land use activities (Keiler et al., 2010). More-compound intersections both in time and space.
over, one fundamental characteristic of mountain catchments The design of appropriate risk mitigation strategies re-
is a temporal dynamic in sediment availability, which re- quires a profound knowledge of the temporal evolution of
sults in highly variable discharge behaviour. Secondly, theflood risk. In this context it is essential to identify the crucial
elements at risk exposed change over time, which results ifirisk kernels”, namely those tipping patterns that determine
a long-term increase for many mountain communities in Eu-significant amplifications in terms of the hazard level, such
rope and a superimposed short-term fluctuation due to peoplas for example bridge clogging and levee failure (Mazzorana
commuting into these mountain regions (Fuchs et al., 2004et al., 2011).
2005; Keiler, 2004; Keiler et al., 2005, 2006; Zischg et al., A subsequent procedural step necessary is the generation
2005). of risk mitigation strategies directed at maximising the re-

In Europe, strategies to prevent or to reduce the effectsluction of risk according to the target system defined, and
of flood hazards in mountain areas trace back to the mediin compliance with the guidelines of the Floods Directive
aeval times, official authorities were only founded in the late (Commission of the European Communities, 2007). A series
19th century based on first national legal regulatior@ger,  of heuristics to design optimal flood risk mitigation strate-
2003). Until the early 20th century, protection against flood gies and a logical structure to describe essential elements of
hazards was dominated by implementing permanent meaflood risk mitigation strategies have been proposed (Mazzo-
sures in the upper parts of the catchments to retain solidsana and Fuchs, 2010b) and need to be further refined within
from erosion, and by silvicultural efforts to afforest high al- a coherent framework of economic cost-benefit analyses in
titudes. Since the 1950s, such conventional mitigation con-order to fulfil the requirements of economic efficiency of risk
cepts, which aimed at decreasing both the magnitude and thmnitigation alternatives.
frequency of flood events, were increasingly complemented In this paper, along with the objective to produce a reliable
by other technical mitigation measures aiming at the de-delineation of hazard zones, a functional distinction between
flection of hazard processes into areas not used for settlehe loading and the response system (LS and RS, respec-
ments. Watershed management measures, forest-biologictiVely) is made. The loading system encompasses the con-
and soil bio-engineering measures, as well as technical medined part of a catchment where discharge, sediment load and
sures were implemented (Holub and Fuchs, 2009; Holub etvood fluxes are generated (i.e. the erosion and denudation-
al., 2012). According to the approach of disposition man-dominated areas), and the response system, including the un-
agement (reducing the probability of occurrence of a haz-confined areas that are subject to flooding (i.e. flooding and
ard) and event management (interfering the transport proaccumulation dominated area)ibl et al., 2003; Mazzorana
cess of the hazard itself), a range of technical measures iand Fuchs, 2010b; Mazzorana et al., 2011). In a subsequent
available for active prevention (ONR, 2009). However, struc- step, a methodological overview is provided which explains
tural mitigation inevitably has limitations, and the analysis of the necessary steps, such as process routing along the stream
the most recent flood events in European mountain regionsystem and integrating the knowledge derived from models
(Keiler et al., 2010) highlighted considerable shortcomingsand expert-based judgment in order to derive consistent and
in the current procedures used for natural hazard risk asfully probabilised scenarios (Mazzorana and Fuchs, 2010a).
sessment due to inherent system dynamics. Concerning the Since the outcomes of scenario development for the load-
hazard assessment in particular, conventional numerical hying system provide the input for the response system anal-
drodynamic and morphodynamic river models are not alwaysysis, a synthesis of the methodological steps to analyse pro-
reliable in precisely predicting the process pattern since intercess propagation in the response system is presented. Empha-
nal system dynamics, such as changing solids concentratiosis will be put on the understanding of the system behaviour
along the flow path, are not sufficiently mirrored (Mazzoranaregarding two main types of spatial domains, i.e. stochastic
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and quasi-deterministic domains, based on the predictability :

of their dynamics. Together with the full set of flood haz- @Hood hazard and risk assessment

ard propagation scenarios, conceptualisations of static and ]

dynamic flood risk are provided and formal schemes to com- l

pute the risk mitigation performance of considered mitiga- :" Flood hazard and risk scenarios

tion strategies are given within the framework of economic - Probability-contingent risk reference prospect :

cost-benefit analyses. Therefore, suitable economic valuation : l g

techniques are revisited and discussed in order to quantify the

value of assets at risk in monetary terms. Generation of flood risk mitigation
strategies

2 Requirements for a dynamic approach l

Risk mitigation strategies
The proposed procedural map is shown in Fig. 1. The first ’ |
step (sub-procedure A) in the proposed procedural roadmap [ 1
consists in determining consistent flood hazard and risk sce- .-
narios. The specific aims are to obtain a spatially explicit :

Flood risk mitigation :
scenarios for each risk : Cost-plan over the

representation of the frequency and magnitude (intensity) for§ mitigation strategy life-cycle for each

each of the underlying hazard scenarios and to quantify thei annual risk reduction for i risk mitigation strategy
associated consequences in terms of losses with respect tk. each strategy ;
values exposed, and thus risk. The main resultis the so-called | |

risk reference prospect, which serves as a basis for a per- i

formance comparison between possible risk mitigation alter: _Appraisal of benefits (risk reduction) and costs (cost-plan)
natives. In this paper emphasis is put on the computationai@ for each risk mitigation strategy and determination
aspects needed to derive flood risk, whereas the full set o of the associated net present value (NPY)
specifics related to the determination of the underlying flood _ l

hazard scenarios is provided in previous publications (Maz- {
zorana and Fuchs, 2010a; Mazzorana et al., 2012).

The second step (sub-procedure B) includes the generation
of risk mitigation strategies aimed at maximising the reduc-
tion of flood risk in accordance to the target system. From
a methodological perspective, substantial effort has recently
been undertaken to systematise the design of risk mitigation . o L
strategies and to formulate respective heuristics to be usef: 1+ Procedural roadmap for a comprehensive risk mitigation
by the practitioners (Mazzorana and Fuchs, 2010b). For eac r‘;{ff? assessmgnt based on the concept of Net Present Value

. e . ); A, B, C, D: subprocedures.
planned risk mitigation strategy, the system under considera-
tion has to be re-analysed from a hazard and risk assessment
perspective. Thus, all analytic steps of sub-procedure 1 havg Hazard assessment
to be repeated in order to explicitly modify the system be-
haviour either concerning flood hazard process unfolding O\ series of methodological steps is presented that may be

concerning the determination of expected consequences on ; .
- . used to assess flood hazards by systematically removing
vulnerability and elements at risk exposed.

An essential requirement for the economic assessment O#nowledge gaps related to interacting chains typical for haz-

risk mitigation strategies (sub-procedure C) is the determina rd processes in mountain streams. A standard system rep-

. . L ... resentation scheme is employed, which is based on the dis-
tion of costs and benefits over the entire life-cycle of a miti- .~ . ;

. . , s tinction between loading systems (LS) and response systems
gation alternative. Concerning the benefits, in this paper, w

limit our assessment to the annual flood risk reduction with RS) on the scale of a hydrologic basin. The loading systems

. ; represent the spatial domains, i.e. stream channels, which are
respect to the risk reference prospect for property, infrastruc- ; . . .

. : regularly confined by hillslopes and have a defined flow di-
ture and human lives. At this stage the Net Present Valuerection and flow path. The response systems include alluvial
(NPV) can be determined for each strategy. Based on a rank- path. b Y

) . ) . . or debris fans and floodplains where the channel regularly
Ing of the strategies according to their NPV, the econom|cally.s unconfined and multiple possible flow directions and flow
most efficient strategy can be identified (Fuchs et al., 2007a plep

and selected (sub-procedure D) aths are present,
P ' The developed approach is organised in three tables (Ta-

bles 1-3). Table 1 contains a summary of necessary steps
for hydrological analysis. In Table 2 the assessment steps

NPVs for all strategies

@ Strategy selection (NPV — max!)
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Table 1. Main steps of the hydrological analysis.

Hydrology
STEP ACTION PROCEDURAL ASPECTS RESULTS

1 Statistical analysis of Fit suitable extreme value distributions to theDDF curves and their associated parameters
extreme rainfall events. available time series of annual precipitatiorcorresponding to different recurrence intervals
maxima for different rainfall durations. (RI).
Assign to each obtained Depth-Duration‘We obtainj =1, ..., M tuples, (R}, pj,a;j,n;)
Frequency (DDF) curve, which is identifieddescribing the rainfall input in terms of
by the value triple (R},a;,n;), wherea; duration-dependent magnitude and frequency.
andn; are the parameters of thgth DDF
curve, the associated probability represented
probability, in terms of a defined area under
the probability density curve. The represented
probability density for thej-th DDF curve, is
equal top; = (pjy1—pj—1)/2 for 1< j <
M andpy = (11— pp)+(pPm — Pu—1) /2and
p1=(p1) + (p2 — p1) /2 respectively, where
pj+1andp;_, are the non-exceedance proba-
bilities associated with the recurrence intervals
Rljy1 and Rlj—1.

2 Analysis of distributed Run a model for distributed catchment hydrol+or each tuple —Rl p;,a;, n j—the hydrologic
catchment hydrology  ogy with j =1, ..., M tuples, derived in step 1 response in terms of runoff is obtained. For-
of the procedure, describing the rainfall inputmally we derive [le,p.,‘,aj,nj, Q\/N (x,z)]
and with distributed information about the hy- W . . o
drologic characteristics of the catchment (i.e\./vhere Qj (x, 1) |dent|f|es a W{:\ter discharge
land use, geology, vegetation over, etc.) hydrograph at any desired locatior) @long the
stream network.

of flood hazard analysis within the loading systems (LS) Depending on the diversity of individual process routing
are presented, and in Table 3, the analytic steps within thecenario trajectoriei,q'jf*j, it may be convenient for the pur-
response system (RS) are shown. Each table contains foyoses of the response system analysis to reduce the num-
columns, labelled respectively as “step”, “action”, “procedu- per of input events, ; to be considered. Starting from

ral aspects” and “results” in order to facilitate a tracking of node, it is suggested to track backwards within each pro-

the efforts necessary and the corresponding insights gainedess routing scenario tre&’® the individual process rout-

Maximum efforts were undertaken to achieve a balance bejg scenario trajectorieg’ ™. and cluster those trajecto-

tween formal rigor and clarity of exposition, whereas addi- . o W S

tional information may be accessed through the cited refer/1€S exhibiting similarity in Q3% (xy. 1), Qg ; (xy.1) and

ences. Q;‘,_’Vj (xy,1) and 7,R| (ASE; < ASE;_1), Vi withm <i <
After having probabilised all individual process scenario , . . .

trajectories in the LS, the boundary conditions for the N Supstanhally aAre(.juc.ed set of input everlg?j (xN’t)'.

analysis in the RS are specified as input events in termdS obtained, wherg; indicates the reduced number of in-

of liquid and solid discharges (i.e. water, sediment andPut events with respect to the previous numpgrHaving

drift wood; compare Fig. 2). The stateme!ij‘tq. (XN, 1) = clustered the process routing scenario trajectories that ex-
a hibit a satisfactory degree of similarity, the probability to be

pPR . AW .S . oW i . . O .
[qu,j, Q" (xn,1);QF j(xn,1); Q7 (xn,1)| IS used @ associated to the resulting representative input event (i.e. se-
a formal notation to identify a specific input event. Thereby, lecting within the cluster the worst case trajectory in terms
IR (xy.1) is the input event characterised by water, of QW (xn.1), Q5 (xn.0). 00V, (xn.1) is the sum of

sediment and wood fluxes, symbolised @\]N (xN, 1), the probabilities of all trajectories belonging to the cluster
Q?,-,j (xy,t)and QI&YYJ‘ (xn, 1) respectively, entering the RS P;j?j)c-

at nodeN with probability P}®;. Throughout, for the input ~ To exemplify the construction of a stochastic spatiotem-
J»

PR . _— poral evolution scheme of flood inundatiafigs|/; ., , a re-
evently 7 (¥ 1), we use for convenience the notatigyy ;. sponse system (RS) is considered that has only two stochastic

nodes (i.e. two bridges subject to clogging),1Sdhd SN,

Nat. Hazards Earth Syst. Sci., 12, 35713587 2012 www.nat-hazards-earth-syst-sci.net/12/3571/2012/
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Table 2. Main process analysis steps in the loading system (LS).

Procedure for the assessment of flood hazard scenarios within the loading system (LS)

STEP  ACTION PROCEDURAL ASPECTS RESULTS
1 Segmentation of the stream network intoApply a geomorphological approach based\ simplified system of homogeneous stream el-
channel reaches in order to establish a simen a combination of valley morphology, ements, as a basis for process routing within the
plified homogeneous stream system (HSS)hasin geology, channel confinement, hills1S, is obtained,
lope processes, anthropogenic impact anBormallyi =1, ..., N abstracted stream elements
intervention. — ASE— are identified and described.
2 Specification of the flood hydrographsSpatial analysis of the results of distributedRecalling the results of distributed hydrological
Q‘JN (x,1) at any seqmentation node; Hydrological Modelling (compare Table 1). modelling, given a{le,pj.aj,nj, Q\](V (x,,)]’
1,..., N, of the simplified HSS for all given vj, we obtain: ’
RI; v pj. st =[Rlj. pjajnj, 0% 0] vivi,
where:
Sl?j', indicates a determined hydrological scenario
(i.e. flood hydrograph) with reference to th¢h
node of the HSSy;, and corresponding to RI
3 Determination of the geomorphologicalFor a comprehensive overview of the pro-Sets of initial condition — IC —, and, upstream and
channel reach variables (e.g. mean channekdural aspects compare Mazzorana amdbwnstream boundary conditions (US and DS)
slope, mean channel width, mean floodwayruchs (2010a). The guiding principle is tovariables are identified.
width, descriptors of initial and boundary treat the underlying physical issues of enAn additional set of variables, called set of adjust-
condition, identification of adjustment de-vironmental interaction as a transformedment descriptors — AD —, capturing the system dy-
scriptors). initial-boundary value problem to main- namics, is defined.
tain the conceptual coherence with the~ormally we consider the following set of geo-
mathematical-physical problem setting.  morphological channel reach variables
Vr =ICUUSUDSUAD.
For eachwr € V¢, zr =1, ..., Zy, levels of intensity
are defined.
We identify a generic level of intensity of a vari-
ablevr asvf".
(Compare Mazzorrana and Fuchs, 2010a for de-
tails).
4 Determination of consistent flood scenariof\pplication of Formative Scenario Analy- Each ASE is further characterised by a specific
at the defined nodes, (positionedcaibfthe  sis (FSA) and expert-based judgement. Steget of possible process evolutions.
HSS). Identification of the type of flow (e.g. by step instructions for the application ofFigure 1 shows an exemplified spectrum of pos-
debris flows, debris floods, fluvial sedimentFSA in relation to process routing problemssible process evolutions consistent with the un-
transport, liquid discharge); estimation ofare exemplified in Mazzorana et al. (2009)derlying hydrological event for a limited number
sediment and wood transport rates, identiThe main analytic tools are ad hoc con-of ASE;. Please note, the application of the FSA
fication of channel adjustments (i.e. erosiorstructed consistency matrices, containingrocedure may lead to more than one consistent
and aggradation phenomena) expert-based consistency ratings among irprocess scenario along one stream segment given
This action summarizes a series of detailetensity levels of all pairs of channel reachspecified initial and boundary conditions. For-
analytic steps discussed in Mazzorana etariables. These consistency matrices supnally, for each hydrologic scenario chain, spec-
al. (2011). port the analyst in deriving the possible adified as c** = s, . = (Sll-l o SH ) a pro-
justments and the resulting flow type for / ( )"/‘ - - R W
each abstracted stream element after speE(-ass routing scenario tree is Obtam?‘?‘ » built .
ifying initial and boundary conditions. ofasetofg; =1,..., 0 process routing scenario
trajectories’ ?B. .
Within each trajectory, the process routing results,
valid for ASE;, are logically connected to those
of ASE; _1 (compare Fig. 2).
5 Probabilising flood hazard scenarios in th&he theory of rational decision making Substantially, for each process routing scenario

loading system (LS). (Eisentihr et al., 2010) and its practical ap-tree,F;’R, a probabilistic structure is obtained (ex-

plication to flood hazard assessment sugemplified in Fig. 1).

gests methods to design subjective probarinally, each evolution scenario trajectovﬁ*i,

bility measurement devices and to receiveg fully probabilised. &

from competent persons the preconceivegthg gyerall probability of a evolution scenario tra-

likelihoods about specific scenario trajecto-]ectory’ PPR s

ries given defined sets of initial and bound- 9 /I.=N

ary conditions. p‘IF’/fij =pj- il:ll P [TqF;flj_ (ASE; < ASE_l)]
where
p quff (ASE; < ASE_l)] is the subjective
probability assigned to a process unfolding in
ASE; given a specified unfolding in ASE1 (i.e.
highlighted trajectory in Fig. 2).

www.nat-hazards-earth-syst-sci.net/12/3571/2012/ Nat. Hazards Earth Syst. Sci., 12, 353887, 2012
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Table 3. Main process analysis steps in the response system (RS).

Analytic steps to deduce the inundation patterns in the response system (RS)

STEP ACTION PROCEDURAL ASPECTS RESULTS

1 Delineation of the RS domains (areasAnalysis of the valley (fan) morphology, Datasets (i.e digital terrain model, land use,
adjacent to channels subject to inundaehannel confinement, valley (fan) substratevalues at risk, input and validation data for
tion/erosion) and precise identificationAnalysis of present land use maps, exhydrodynamic flood modelling, dipped ac-
of the vulnerable RS domain§RS, ploratory investigation to anticipate future cording to the perimeter of the RS domains.
containing the relevant assets atrisk. land demands and land use change. Re-

trieval of documentation of past floods
events, analysis to confirm the delineation
of the vulnerable RS domaingRS.

2 Identification of the relevant stochasticldentification of bridges, culverts, unreli- Spatially identified stochastic nodes (or do-
nodes (or domains) within the vulnera-able hydraulic structures (e.g. old leveesnains) — SN — k=1,..., K within the
ble RSs. and check dams) interacting with the flowQRS. Construction of the abstracted re-

and possibly causing severe consequenceponse system, ARS, corresponding to a do-
in terms of risk. The analysis entails themain partition of2RS in SN, and the sur-
study of past events and the collection ofounding quasi-deterministic domain DD

site-specific expert knowledge. (for a complete treatment of the method and
the logical aspects, compare Mazzorana et
al., 2011).
3 Determination of the possible sys-Analysis based on the type and dimensiofror each SN a matrix of process-
tem states for each stochastic nodef each SN. intensity-contingent state-transition proba-

(e.g. states, clogged and unclogged itdypothesise possible ranges of loadingilities, Asy,, is constructed, containing all
case of bridges, etc.) and estimatiorconditions in terms of flood intensities andpossible state-transition probabilities,

of process-intensity-contingent state-define parsimoniously a limited numberp(ghi\<gh_ /\[[)) Yh;,Vhj,Vi

transition probabilities. of relevant statesgy,,...,op,, for each =1L !

stochastic nodg SN . Examples of such state-transition probabil-
Expert-based judgement is central for the?ty matrices can found in Mazzorana et

estimation of state-transition probability, al. (2011)
P (oh,. | (ohj A 11)>, representing the prob-

ability of a transition fromoy,; to op,at a

process intensity level.

4 Determination through hydrodynamicInterfacing the results of the hydrodynamicFor each input event,, ; a stochastic
simulations of the stochastic spatial andsimulations (intensity maps correspondingspatial and temporal evolution scheme of
temporal evolution scheme of flood in-to different time steps) with the matricesfiood inundation,Erg I, ;. is obtained

P PYIe - 1 j. 1 1
undation,ERs’Iqj’j , corresponding to of state-transition probabilities. Over time; o 5 graph specifying through time the

each individual input evenl, (com- different Stoc_T)TS“C nodes may exhibit oneprobabilistic structure of the constellation
pare also Table 2) Oor more possi e_state transnmn;,j — changes in the RS. Each constellation
Uhi,l’_v,v'th Well—dgfmed srt]atel—tralr1§|t|0n pmb;change carries along different flood inten-
abilities according to the local intensity o sity maps. A complete representation both

the prochessl. q hasti d in a space and time of the flood hazard in
For each concerned stochastic node SN the RS results.

an update from the old to possible new
states follows, determining a distinct con-
stellation of states (with defined proba-
bilities). The construction ofERs‘Iqj,j
proceeds by running different simulations,
each corresponding to a specific constella-
tion, staring from the state-transition time

step.
4* Simplified version of step 4 for practical An ex ante assumption is introduced by fix-For each input event,. ; a simplified
purposes. ing the relevant states (which can be morestochastic structure of flood inundation

Determination of a reduced and approxthan one) for the entire event duration forERS’I‘,J.,_,- is obtained.
imated stochastic structure of flood in-each SN, which significantly reduces the
undation through hydrodynamic simu-computational complexity. A reduced num-
lations, corresponding to each individ-ber of possible system constellations re-
ual input event, ;. sults, each with a defined probability.
Expert-based judgement is essential to ad-
just the level of simplification according to
the scope of the study (e.g. conventional
hazard mapping).

Nat. Hazards Earth Syst. Sci., 12, 35713587 2012 www.nat-hazards-earth-syst-sci.net/12/3571/2012/
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us E
ot Legend:
IC1: Natural stability

P,.,=0.15 . AD2 of the streambed
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O @ natural stability (no
Py1,-0.85
2471

armouring and
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bedforms)

- | AD2: Bed elevation
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|
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system: element 1 system: element 2 system: element 3

Debris flood DFD
) N . Debris flow DFW
X - coordinate along the stream centerline

Fig. 2. Fully probabilised process routing scenario tree (modified from Mazzorana et al., 2012).

Table 4. Matrix of state-transition probabilitiedsy;, . Table 5. Matrix of state-transition probabilitied s, -
tr tr tr tr tr tr tr tr
ASN1 01 —> 01 01—>02 02—>01 02— 02 ASNZ 01 —> 01 01—>02 02— 0] 02— 02
h<h) 1 0 1 0 h<hy 1 0 1 0
h/l <h< h’2 0.5 0.5 0.5 0.5 h’l’ <h< h’z/ 0.4 0.6 0.4 0.6
h'> h} 0 1 0 1 h'>hY 0 1 0 1

respectively. It is assumed that $knd SN are subject to identification number of the current configuration with re-
state-transitions, depending on local intensity levels of theSPECt t0 the other configurations arisingaandsy indicates
flood resulting from flood propagation triggered by a spec-the lower bound of the current time step. The corresponding
ified input event,];Rj (xn.1), and occurring with a corre- probability is identified by the compound probability of all
o wving al p i ; P :
sponding probabilityP?®,. It is further assumed that only SCs lying along a defined trajectory in tiigs |/, ; and is

i given by
two relevant states;; ando, , are possible for SNand SN.
The symboloicorresponds to the state “bridge unclogged” ﬁrRS_ = (ﬁ?R) X
(i.e. flow section free for conveyance) and corresponds k’_qT”/ 7
to the state “bridge flow section clogged”. In construct- l:[p[FFRS

(Sq\lr-pr(fk—l)er(tk)-fk g SCN"-pr(fk—Z)vNr(’k—l)»fk—l):l } .

ing the matrices of state-transition probabilitiegsy, and iy -

Asn,, it is hypothesised that on the intensity side the state- ] . ) ]
transitions depend only on the local flow depthgrsy1,7) M Fig- 3, one such flood inundation tra!ectory,fjgﬁtk, Is
andh (xsn 2,7) (compare Tables 4 and 5). contoured in dark red as an exemplification.

The following stochastic spatiotemporal evolution scheme  The .spatiot.emporal evolution schemegs|1y,.; assoc.i-
of flood inundation,Ers|l,; ; may result (exemplified in ~ ated with all input eventscffj (xy,t) are taken as starting

Fig. 3). point of the subsequent risk assessment presented in the next
We introduce the following indexing for the indi- section.
vidual system configurations: R&pry_1).Nr(y,.5 Where For the analytic determination of both vulnerability and

Nr.pr(z;—1) is the identification number of the system con- risk we simplify the notation that progressively indices
figuration of the lower bound of the previous time step the flood inundation trajectories of aMRs|Iqj,j with j =
the current system configuration is linked to,(iNy is the 1, ..., M and denote accordingly the probability associated to
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Fig. 3. Partial spatiotemporal evolution scheme of flood inundafigs; Ig;j- Only two time steps are considered. SC stands for system
configuration, subsuming the states of;Sihd SN. IM stands for flood intensity map. For each SC, a distinct flood intensity map mirrors

the flood evolution over time taking the results of the associated hydrodynamic simulation. Continuing this line of argument, for the time
interval, ro — 3, six flood intensity maps represent the flood evolution. The spatial probability of each of these maps corresponds to the
probability of the underlying SGg in this case identifies the point in time of the next state-transition occurring.

these trajectories byr,. Terminologically, instead of flood Commonly flood damages can be classified into direct and
inundation trajectory the wording flood scenario will be usedindirect losses. While the former occur due to the physical
throughout. contact (impact) of flood water with properties, people at
The main results of the theoretical developments of floodrisk, or any other object, the latter — although triggered by
hazard analysis were to show how to obtain for the consid-the direct impacts — are not spatially restricted to the flooded
ered RS fully probabilise(ER3|Iqj,j, entailing also as are- areas (Merz et al., 2010). Furthermore, indirect losses may
sult computed intensity maps (each one of which is valid for aextend well beyond the duration of the flood event. Depend-
specific timeframe within the event duration), correspondinging on whether or not flood losses can be assessed in mone-
to probabilised trajectories of flood inundation patterns char-tary values, a further distinction into tangible and intangible
acterized by determined system configuration changes. Exdamages seems appropriate (Parker et al., 1987; Smith and
pressed in a different way, a flood scenayiis characterised Ward, 1998). More precisely, tangible damage is damage to
by a succession in time of intensity maps i, , occurring  capital stocks or resource flows which can be specified in
with probability pr;, whereAr, indicates the timestep of va- monetary terms (e.g. buildings, infrastructure), whereas in-
lidity of IM j A5, (compare Table 6). tangible damage is damage to assets which are not traded at
a market and which is therefore challenging to be transferred
into monetary values (e.g. eco-systemic externalities; Fuchs
4 Assessment of elements at risk et al., 2007a). Although the terminology of this classifica-

tion is commonplace, interpretations and delineations differ
In the adopted conceptualisation of flood hazard risk (dis-(Jonkman, 2007).

cussed in Sect. 6) the expected losses are expressed mon-
etarily, which entails an economic valuation of damage.
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Table 6. Matrix of successions of intensity maps M, .

An | ’(j; ij) - (LpR) (2rr) - (j; pF,~> o (M=ZLpr,_y)  (M;pRy,)
Aty IMl,All IMZ,All |Mj,At1 IMM*l,Atl |MM,At1
Atz IMl,AIZ IMZ,AI‘Z IMj,Atz IMM—l,Atz IMM,A[Q
Aty IM1, Az IM2, Az IM Az IMar—1, Az IM a1, At
Atr_q M1 Ay M2 A, IMj Atr_q IMpr—1 Atp_4 IMar, Atr_y
Aty IM1, ArT IM2 ArT IMj ArT IMp—1,A¢T IM g, AT

In order to provide the optimal supply of protection against 4. surfaces (areas) for different land use purposes (e.g.
flood hazards, the public sector will need, among other infor- agricultural land, but also parking areas and roads); and
mation, evaluation of costs and benefits (Hanley and Spash, o
1994). Costs are evaluated in terms of the present value of - Piotic systems (e.g. wood, but also orchards).
the previous investment so that the opportunity costs can be . . . .
compared to the utility that would have resulted from an al- The direct economic reference for a valuation of object

ternative allocation of the resources. Benefits are evaluate?artS belonging to the categories (1) (2) and (3) is the de-

in terms of prevented damage due to the implementation o g;wé':aa:f) gt Zfl t(hZ% If;nf;aetigggttaéag;t AZI Sg%%isézdcg?/_
mitigation measures. Therefore, we put the distinction be- lated ' n. ructi n'v I ! NV — b vaid
tween tangibles and intangibles into a dynamic perspective(.:u ated as construction value — —by

Environmental valuation is a rapidly expanding field (Per- n o om
man et al., 2011). Refined valuation techniques, based oV = Z qgij - Di (2)
first principles such as willingness to pay (WTP) or willing- i=1j=1

ness to accept (WTA) are in perpetual development (Fuchs et i . .
al., 2007a). An ever widening spectrum of non-market Com_yvhere N'V is the re!nstatemer)t valqe of the considered ob-
modities and services are made accessible to economic vald€Cct ¢ij iS the required quantity of inpuf to perform the
ation (Pommerehne anddier, 1992; Perman et al., 2011). construction yvorkflow unit; qnd pi is the unitary price of
Different valuation principles are employed to attach valuesth® construction workflow unit
to distinct object categories (Drees and Paul, 2011; Perman FOr category (3) the estimation of the market value — MV
et al., 2011). Operationally, we distinguish between object™ of the components of equipment is calculated as follows:
categories valued through economic approaches using mar- M D
ket values (e.g. reinstatement value for structures) and objedlV = Cj, - <1+ —) =L 3)
categories where contingent valuation (CV) methods are ap- 100/ D
plied due to missing market values (Pommerehne &1,  \yhere MV is the most probable market value of the consid-
_1992; Alberini et al., 2004). With reference to 'Fhe former we greqg equipment component; is the purchase pricei/ is
introduce a general scheme to structurally dissect complexne cost increment from the year of purchase to the year of
quects and make th.em accessple to economic valuation IRaluation; Dy is the residual economic life (in years); and
risk assessment, while the latter is treated separately. is the economic life span (in years);
Hence, in dissecting a complex object (e.g. a production | case of object category (5), the economic valuation is
plant) we distinguish between: carried out by determining the capital value of the considered
biotic system through suitable capitalisation formulas.
The economic valuation of people at risk needs a separate
consideration. In this paper, people at risk are monetised by
2. particular superstructures (e.g. roofs, decks) impactedJSi”g the so-call_ed value of statistical life as a typical non-
rarely and mostly indirect by the flood process; and r_na_rket _valge (Lglter and Pruckner, 20_05). This value o_f ;ta-
tistical life is defined as the rate at which people are willing

3. installations and/or mobile objects (e.g. machines andio exchange income for a reduction in mortality risk. Itis cal-
cars) impacted mostly direct by the flood process. culated by dividing the annual mean or median willingness to
pay — WTP — through the corresponding risk variation. Sev-

For completeness, two supplementary categories are introeral studies aimed at determining the value of statistical life
duced that are affected by flooding as well as sediment an¢have been conducted in different contexts (Viscusi and Aldy,
wood deposition processes: 2003; Viscusi, 2008), such as snow avalanches, where the

1. vertically extending fixed structures (e.g. walls of the
buildings) impacted directly by the flood process;
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influence of implicit information associated with the occur- heights,Ipr (x;) = hq (x;), at the location of the object;,

rence of avalanches on WTP-values for risk prevention wasand vulnerability,v; = v; (hq(x;)), was found to fit best to

guantified with a range betweegil.8 and 5.2 million (Leiter  the data by a second-order polynomial function for all inten-

and Pruckner, 2005), which is consistent with other studiessitiesiq (x;) < 2.5m, namely:

(Alberini et al., 2004).

In general, three major interrelated requirements have ta); = v; (hd (x;)) = 0.11- h3 (x;) — 0.01- hg (x;). (4)

be met by the assessment of elements at risk exposed. These

include (1) the risk mitigation performance of planned miti- ~ According to the fluvial sediment transport phenomena,

gation strategies, which should be quantified on a monetarghe best-fitting function was found to be the following:

basis (e.g. in terms of annual risk reduction); (2) the cost-plan

for each strategy, which shall be considered from a life-cycleVi = Vi (IRST (xi))

perspective; and (3) the net present value — NPV — associ-

ated with each mitigation alternative, which has to be deter-

mined in order to select the optimal risk management solu-

tion according to the assumed normative preferences of the — . , (5)

public decision maker. Considering the peculiarities of pub-

lic investment decisions to mitigate flood hazard risk, specif-wherelgg; (x;) is the relative intensity of the fluvial sediment

ically the associated long-term capital commitments and theransport process at the location of the objeg¢t,expressed

occurring interdependencies between these long-term comas ratio between the deposit heiglat(x;) and the height of

mitments and important economic activities in mountain re-the considered building; .

gions (above all arising from tourism economy and trading), In coherence with the variability in space and over time

the required analytical effort has to be balanced. of the flood hazard process patterns in the response system,
vulnerability might be conveniently assessed dynamically
for each potentially impacted element at rigk= 1, ..., N,

5 Wulnerability of endangered elements through a differential equation of the form:

~2.001
1 x;) )
tan M +0.395

—0.466 0395 -1

Taking the perspective of natural sciences, and neglecting/Vi =i (uint)-vi-(A—v), Vi 6)
any social implications arising from flood hazards, vulnera- dr S v
bility is considered as a functional relationship between pro_yvhereui is the vulnerability of the element at rigkWe as-

cess maghnitude or intensity, the resulting impact on structura ume the element at riskio be potentially movable. thus
elements at risk, and exposed values. With respect to the buift P y '

environment, vulnerability is related to the susceptibility of *i =% (1). This is to satisfy the general case of operational

physical structures and is defined as the expected degree bqtervennon plans, which are targeted at displacing objects

loss resulting from the impact of a certain event on the ele_exposed during a flood event towards safer locations (e.g. by

ments at risk (Fuchs, 2009). Its assessment requires the eva?%/ Ziu;tl?i%r?eic\)gr? Ztnzlstmg g;gﬁ:ﬁl?s't;: itrr:tee rsvlgnn?[ilgit clzsrs]e
uation of different parameters and factors such as the type of prion g ' ST lon p

. . . - the coordinates; = x; (¢) of the objecti at different times
element at risk, resistance, and implemented protective meadre Known in advance. Hence. we can conveniently define a
sures (i.e. local structural protection, Holub and Fuchs, 2009iOCation matrixi. L (1 .as ive’n in Table 7 y
Holub et al., 2012). [xi()]as g '

For both the static and the dynamic conceptualisation of The symbolgﬁ,- is called vulnc’erab|l|ty.funct|onal Z.Wh'Ch
flood risk, the assessment of physical vulnerability is antan bellntengled asan elem.ents specific vulnerability param-
essential requirement to quantify the expected damage ir?ter' Itis defined as follows:
monetary terms. With respect to a static conceptualisation 1 1 cq-p - 5
of flood risk, functional vulnerability approaches have beeni = ¢35 7, "¢ “hi - bi - v, )
proposed only for a limited number of object categories (e.g.
residential buildings, see Papathomakie et al., 2011, for wherecq, is the drag coefficient of objettp is the density of
an overview). In particular, vulnerability functions for build- the fluid,m; is the mass per unitary length of element at risk
ings impacted by debris flows (Fuchs et al., 2007b; Akbas et, 4; is the maximum flow depth along the perimeter of the
al., 2009; Quan Luna et al., 2011) and fluvial sediment trans-element at risk, b; is the object’s perimeter exposed to the
port (Totschnig et al., 2011) are limited. In most of these flow andv | ;is the maximum velocity normal to the perimeter
studies vulnerability was measured using an economic apef the element at risk.
proach and derived from the quotient between the loss and Both 4; and v,; can be computed for each timestep
the individual reinstatement value for each element at riskA#, and for each flood scenaripusing the intensity maps
considered. According to the debris flow hazards, the relaiM ; 5, , which can be conveniently organized in a matrix as
tionship between debris flow intensity in terms of deposit shown in Table 7.
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Table 7. Matrix of locationsx; = x; (1) (deterministic case).

A lli—> 1 2 o ... N-1 N

Arg X1,A1 X2,An s XisAn ce XN-1,An XN,Af
Aty X1,Az X2, Aty S N XN-1,At) XN, At
Aty X1, At X2, Aty Xi,An XN-1,At XN At
Atp_1 XAty X2, Atr_q XisAtr_1 XN-1LAtr_1  XNs>Aty_q
Aty X1, Aty X2, Aty Xi, Aty XN-1,Atr XN, Aty

& (vy) is afunction of the vulnerability at timeof the con-  and (5). Without more accurate parameter estimations, the
sidered element at rigk A suitable functional form of (v;) overall goal to dynamically analyse flood risk should be cen-
is: £ () = a; /1 — 02 with a; as an object-specific parame- tred on tracing qualitative risk profiles (risk evolution over
ter to be determined empirically. time) and not a quantification of risk in absolute terms. Nev-

Considering Eq. (7), Eqg. (6) can be conveniently re-written erthele§s, ql_espite this temporary limitation ir_‘ the spectrum
as (refer to Appendix A for mathematical details): of applicability, the usefulness of the dynamic approach is

undoubted, given in particular the identification of the so-
called risk kernels and those tipping process patterns that in-

du _ (% “hi b .51.) v 1; Yi (8)  duce detectable amplifications in risk. In other words, iden-
i"8 Vi

dr 2-a;j-m, tifying those triggers of risk amplification within the event
or duration facilitates the definition of risk mitigation strategies
aimed at their removal with a logical prioritisation. In this
dv; . 1—v; way, mirroring the risk evolution in space and over time, the
ar vi i 1+ proposed risk analytic tool becomes an exploratory planning
toolkit in the crucial design phases. From a final project as-
with v = ( Cd; - P i by 'ﬁi) . 9) sessment perspective, we suggest (as I(_)ng as the empir_ical
2-a;-mji-g body of knowledge for dynamic vulnerability assessment is

not sufficiently large) to perform the risk computations by
adopting the static conceptualisation of risk (see Eq. 4).
Although still roughly specified within risk analysis, struc-
tural vulnerability is understood here to be the source of any
other type of vulnerability, since, following a temporal logic,
if there was no impact due to a hazardous event on elements
atrisk, no loss would result (see Fuchs, 2009, for an extended
Ui (tr_1 + A = v; (1) + string of argumentation), and the concerned society would

) not suffer harm.
(Vi (-1 -vi (—1) - [1—vi (k-1 ]} - At Vi, V. (10)

Hence, on the basis of the fully probabilised flood scenar-
ios (cf. Table 6) and the location matrix for all considered el-
ements at risk (cf. Table 7) the pattern of vulnerability can be
tracked for all considered elements in time for a given flood
scenario by explicitly integrating the system of ordinary dif-
ferential equations (compare Eq. 6) as follows:

Operationally we proceed separately for each columng Risk assessment
of Table 7, j=1,..., M, calculating for each time step,
At, through the system of Eq. (6) the vulnerability, It has repeatedly been claimed that there is a particular lack
vi,j (tk—1+ Aty), of each element at risk= 1, ..., N, taking of studies related to the temporal evolution of risk (Keiler et
the flow depthsi;, and velocity,v, ;, from the correspond- al., 2006; Fuchs and Keiler, 2008, 2013; Fuchs et al., 2008,
ing intensity map, IM A, , at the object location coordinates 2012a), and the underlying vulnerability of values at risk
x; (f)- and of communities (Fuchs, 2009; Fuchs et al., 2011, 2012b;
Nevertheless, empirical studies to fit the parameter valuePapathoma-Khle et al., 2011). Therefore, based on the static
a; in € (v;) = a;,/1—v? (cf. Eq. 7) are still missing. How- ~and dynamic formalisations of vulnerability presented in the

ever, first estimates can be obtained by re-analysing th(;';)revious section, we introduce the static and dynamic notions

datasets used by Fuchs et al. (2007b) and Totschnig e‘?f risk. , ) L
al. (2011). In fact, knowing the duration of the analysed Acpordmg to the static conceptualisations of natural_ haz-
events, different trial values fer;, can be tested until the cal- ard risk (Fuchs, 2009; Mazzorana and Fuchs, 2010a), risk for

culated final vulnerability comes sufficiently close to the vul- ObJeCt_?_ e(;posed to thel |kr)npacts c;f |f||°°d_ hazard processes is
nerability assessed with the functional approaches of Egs. (4juantified on an annual basis as follows:
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Conversely, viewing risk from a dynamic standpoint im-
Y - v fk:ies inporporatiqg the dynar];.icdnlfl)tiog of vulngratt;:Iity anld
s_ . ' us mirroring, given a specified flood scenario, the evolu-
k"= ; pe; - 2 P 2 (B (U (xin).9)] - (A1) tion of the expected damage over time.
' In this context the expected damage;ER (k1 + At)
With reference to the static conceptualisation (superscripfor element at risk at a given time can be written as:
S), RS is the annual risk in terms of expected losses for the
elements at riski(= 1, ..., N) induced by the flood hazard EDijh (k14 Ate) = vi jn (k—1+ Ate) -NV; -5 (15)
scenarios{ =1, ..., M) under the assumed exposure config-
uration ¢ =1, ..., H).
The probability associated to a specific flood scenario is
denoted bypg; and the probability of a given exposure h=H
configuration, namely a defined set of locationsc;3,Vi ~ EDij.wiy -1+ Ai) =NV -8 - Y (pg, - vijn (14 Arp) (16)
— of the considered elements at risk, is denotedply. h=t
ED: j.n (Ir, (xi.n) . s) is the expected damage (or loss ex-  Taking into consideration the entire spectrum of flood haz-
pressed in monetary values) for an element at risk, givergrd scenarios we can write:
a maximum process intensitj; in x;, resulting from
the considered flood hazard scenario. In the adopted statiED; vy, () (fk—1+ Afy) =
notion of risk, /g, (x; ) corresponds to the maximum in- =M el
tensity, I, (x;.n) = max(array(IM  ay, (xi.1))), in terms of NV, -4; - > {pF, : [Z (PE, - vijn (-1 + Alk)):“ (17)
flow depths or flow velocities. Finally,is a Boolean variable j=t h=1
aimed at identifying situations where mobile elements at risk Extending the analysis to all objects at risk, the collective

are sheltered by enveloping objects (e.g. people within theirrisk can be dynamically quantified as follows:
residential buildings).

Formally, from an ex-ante perspective, the loss in value forgP (;,_; + Az) = EDvi). (v j).vh) (te—1+ Atg) =
a given element impacted by a flood event can be assumed to

=M h=H
be equal to the depreciated value of the part of the element t {NV,« -8 .]Z [PF,- . (Z (pEy - vijn (i1 + A,k))ﬂ } . (18)
be reinstated, hence: i=1 =L \im

h=1 i=1

Considering the expected damage for objeander the
hypothesis of different exposures we obtain:

D; = C;8; —RV; — SE, (12) Thg overall risk for aII.scenarios and over the entire.ﬂoqd
duration can be, according to the dynamic conceptualisation

where: D; is the monetary value of the losses attributable (Superscript D), determined as:
to flood impacts(C; are the reinstatement costs, namely the
costs to substitute the damaged parts of the element by tth = EDiy,(vj),vn) (tr—1 + Atr) (19)
corresponding new components;is a depreciation coef-
ficient reflecting the obsolescence of the object; ®/the
residual value of the damaged portion; and &t the post- RD —
event expenditures for damage reduction. N =M heH

To perform an ex-ante estimation of the expected damagi {NV,- -5 - Z |:p|:j . (Z (pE, vijh (wwmn))} ] . (20)
— ED; ;,» — we re-write the last equation introducing vul- =1 j=1 h=1

nerability functions insteady, ;5 = vi (Ir, (i), s). These The dynamic conceptualisation of risk and in particular

functions reflect, for a given intensity #, — of the con- : . :
sidered flood hazard scenario (at the spatial location of theE.q' (22) reflects the risk evolution over time. Throughout the

element at risk), the ratio betweaft and the necessary fisk genesis process it is possible to identify tipping process

(re-)construction costs of the entire element NMeglect- patterns that induce significant amplifications in risk.
ing from an ex-ante perspective the expected values ¢f RV
and SE, the expected damage — ED), — can be expressed 7 Economic assessment of risk mitigation strategies
as:
Flood mitigation strategies are considered to be public goods.

ED; j.n = vi (Ir; (xin).s) -NV; - ;. (13)  In a narrower sense, they represent local public goods, be-
_ cause they benefit primarily the residential population. Flood
Now Eg. (10) can be re-written as: mitigation measures have the following characteristics of

i . public goods: For an inhabitant of a settlement, the quality
- i—

j=M . L
RS — B i (e, (xi ). 5) NV -5; 14 of flood protection does not change by the utilisation of the
_,; PF; ;;1 Pen ; Lo (U, () ) Ipas same good by another inhabitant. The marginal costs of the
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utilisation of a flood protection measure by an additional user The Net Present Value NPV corresponding to each strat-
are zero and, as a consequence, there is no market price fegyz is calculated as follows:
this good. Consumption of the utility from this public good is
not necessarily fully valued by the users and, as a result, the _ . =T [ARS(R — z)] —C(LC):
private sector fails to provide this good at a sufficient level NPV = Z (1+7)"
for economic efficiency. In some cases, due to the scarcity of
protected areas for development within floodplains, potential
users could be excluded from the utilisation. This scarcityg Discussion and conclusions
would make flood protection measures common (pool) re-
sources, for which use by some decreases the potential utilitfhe historical shift of a traditionally agricultural society to
to others (Mankiv, 2001). Related to the scarcity of develop-a service industry and leisure-oriented society in Europe led
ment areas, and the possibility of an exclusion of potentialto socio-economic developments in mountain environments
users via market prices for scarce plots, flood protection meaand downstream riparian regions. This shift is reflected by
sures can also be described as club goods, which is a speciah increasing usage of alpine areas and related forelands for
form of public goods (Fuchs and McAlpin, 2005). settlement, industry, and recreation, particularly in the in-
Flood protection measures are also characterised by aer Alpine valleys with respect to tourism as well as in the
non-excludability of the utilisation of the good (Fuchs and large valleys and mountain forelands with respect to urbani-
McAlpin, 2005). No user can exclude, independently of the sation. Consequently, this results in a conflict between human
individual willingness to pay, another user from utilization needs and their satisfaction and naturally determined condi-
of flood protection such as levees. Non-excludability creategions (Keiler and Fuchs, 2010).
incentives for free riding because people can attain the util- Due to the implementation of the European Flood Risk Di-
ity of a good without paying for it. Free riding is a source of rective (Commission of the European Communities, 2007),
market failure because, since people pay for less than the ethe Member States are forced to base the management of
ficient quantity of a good, the market produces less than theatural hazards on the concept of risk, and to implement re-
efficient quantity of the good. In our opinion, market failure spective national legislations. Therefore, the issues discussed
is quite pervasive for a significant range of mitigation mea- within this paper will provide important scientific fundamen-
sures that are usually provided by the public administration. tals that should be considered when dealing with flood risk.
Assuming that as a consequence of existing social needs In the methodological section we elaborated a comprehen-
a set of risk mitigation strategies £ 1, ..., Z) has been de- sive chain of argumentations ranging from flood hazard as-
signed for the analysed RS, an economic assessment is negsessment as an essential requisite for the subsequent risk as-
essary to ensure allocative efficiency of the limited (mone-sessment to the incorporation of the risk concept in the eco-
tary) resources available. To quantify the benefits of a givernomic project assessment framework to evaluate designed
risk mitigation strategy, the equations for static or dynamicrisk mitigation strategies.
risk have to be re-applied to anticipate the risk mitigation  With respect to hazard analysis, the reduction of epistemic
performance of the designed strategy. Uskhtp denote the  uncertainties routed in a basic lack of knowledge of funda-
risk in the reference situation (without implementation of the mental phenomena (e.g. the possible range of rheological
considered strategy) andto denote the remaining risk an- behaviour and the concentration of solids in the liquid-solid
ticipating the effects of the implementation of strategyhe mixture of flow processes, clogging of critical flow sections
annual benefit in terms of flood risk reduction can be for- due to transported driftwood and the protection systems’

(21)
=0

malised as follows: functionality and mitigation effectiveness) is made possible
with the static notion of risk: by following a structured procedure, outlined in Tables 1,

ARS(R — ) = RS(R) — RS(2) 2 and 3. This procedure is dedicated to hydrological anal-
with the dynamic notion of risk: yses, to the assessment of flood hazard scenarios within the

ARP(R — z) = RP(R) — RP (2). loading system — LS — (i.e. between the confined part of a

To calculateRS(z) or RP (z), the entire procedure out- catchment, where water, sediment and wood fluxes are gen-
lined above has to be repeated by including the risk mitiga-erated), and to the deduction of the inundation patterns in
tion strategy into the respective hydrological and hydraulicthe response system — RS — (i.e. unconfined areas subject to
model, i.e. by adapting the digital terrain model accordingly. flooding such as alluvial fans and floodplains).

The implementation of such a strategy entails a series of costs In the subsequent sections we discussed the conceptualisa-
over the planned life cycle. For analytic purposes it is conve-tions of static and dynamic vulnerability and risk. Contextu-
nient to specify the expenditure flowsC«(LC)? — for each  ally, we provided complete mathematical formalisations for
strategy; over the life cycle duration T in form of a cost plan use in risk assessment. The main conceptual difference be-
(compare Kruschwitz, 2008). tween the two approaches to risk is that if risk is assessed
dynamically, vulnerability of the elements at risk is assumed
to be variable throughout the duration of the underlying flood

www.nat-hazards-earth-syst-sci.net/12/3571/2012/ Nat. Hazards Earth Syst. Sci., 12, 3535887, 2012



3584 B. Mazzorana et al.: Towards dynamics in flood risk assessment

inundation scenario. We formalised the structural vulnerabil- The quantification of risk, and risk management, promoted
ity of an object impacted by the flood in terms of an ordi- from a conceptual point of view, is linked to the sustain-
nary differential equation. This equation used as a parametegible development in mountain environments. Potentials and
a vulnerability functional depending on both, the local inten- limitations which may occur due to mountain hazards under
sity of the flood and the vulnerability of the considered ele- global change conditions, driven by both climate change and
ment at risk at a given point in time within the duration of the socio-economic development, may not be foreseen defini-
considered hazard scenario. On this basis, we derived mathively and contain multiple aspects of uncertainty. As these
ematical expressions to mirror the evolution in terms of ex-uncertainties refer to aspects of magnitude and frequency,
pected damage over time for the entire set of elements at riskof probability of occurrence, and of vulnerability versus re-
Given the spatiotemporal evolution patterns of flood hazardsilience, the concept of risk is becoming increasingly impor-
on the one hand and the corresponding profiles in terms ofant and is a valuable basis for priority setting and further
risk on the other hand, the identification of triggers for risk technical, financial and political decisions regarding the man-
amplification and the definition of risk mitigation strategies agement of negative effects resulting from the impact of haz-
are facilitated. ardous events.

In addition to the traditional project assessment applica-
tions, the elaborated mathematical tools can be used as an )
exploratory planning toolkit in the project design phases. The/\PPeNdix A
conceptual structure for risk-based project assessment tech- _
niques presented in this paper can be further developed eithdfl@thematical background
in the field of risk analysis (e.g. Kappes et al., 2012) or in the
field of rational decision making (e.g. Meyer et al., 2012).
Concerning the former, new insights regarding dynamic risk
analyses (i.e. parameter estimations) could be considere&
With respect to the latter, decision theories can be explored

In this appendix we report some relevant results about the
mathematical properties of the solutionof the differential
quation

by widening up the spectrum of applicability of the proposed Y _ Vi Wi v 1-u ’ (A1)
framework (Holub and Fuchs, 2009). dr ' ' 1+v;
Given these premises the following applicability spectrumWhere

is given:
1
1. The interplay between possible extensions of hazard/ri = m
zones — due to changes within the underlying design
events (Holub and Fuchs, 2009), which may result from 1 _2
climate change but also from improvement in data min- Vi) = 5p-cd-hi () - bi - 0L; (1)
ing — and the increased number of exposed buildingsy, ; is a constant representing the resistance of the element
can be quantified. exposed to flood impactsi( is the object’s masg; is the
standard gravity and; is a coefficient accounting for the
2. The prioritisation of public investment flows for the mit- objects resistance characteristics), whilg; is the time-
igation of flood risk can be rationalised on the basis of yarying drag force (herg is the density of the fluidgg,
risk-based decision making (Fuchs et al., 2009). is the drag coefficients; is the object’s perimeter exposed
to the flow andh; (¢), vy; (t) are, respectively, the time-
3. By using the risk concepts proposed, the benefits resultvarying (maximum) flow depth and normal velocity along
ing from risk mitigation strategies in terms of achiev- e perimeter of the considered object).
able annual risk reduction can be monetarily quantified  gjpce v; represents the object’s vulnerability, it only
(Fuchs et al., 2007a). makes sense to consider values of this variable in the interval
) . ~[0,1]. From a mathematical point of view, Eq. (Al) is an or-
4. In order to enhance the risk-based selection of optimalyinary differential equation in normal form. Since the right-
mitigation strateg?es, knowle_dge_on the elements at risknand side is Lipschitz outside the point= 1, any Cauchy
exposed and their vulnerability is necessary (Fuchs efyroplem associated to Eq. (A1) admits a unique solution for
al., 2011). By the methods presented in Sect. 4 we |Ilus—any initial valuev; (0) = Uio with U,'O -+ 1. Note however that
trated how the value of the elements at risk can be de y Eq. (AL), it does not make sense to ha:ﬁe: 0, since
termined. In Sect. 5 we considered existing functionalin this case the only solution would he (1) = 0 for any?.
approaches for the assessment of vulnerability with re-Also, if there exists a timésuch that; (f) — 1, meaning that

spect tp a static gonceptuallsatmn .O.f ”?" and prowdeat timef the object is completely destroyed, the only sensible
theoretical extensions for the quantification of vulnera- solution is to havey; (1) = 1 for anyr > 7
i (1) = > 1.

bility within a dynamic context.
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From Eg. (Al) the solution; is strictly increasing (if we ‘ 7T
suppose thak; (t) > 0 andwv,; (¢) # 0 for any: in the con- S // ,
sidered time interval). In fact it is possible to find both lower y /
and upper bounds for the solution by bounding the right-hand
side of Eq. (Al). Since the values of are positive, the so- / )
lution has to satisfy the following differential inequality: / / 7

dv; “I
d—tlil/fi(t)'vi'vl—vi, .

03

where for simplicity we have definedl; (t) = ¥, - ¥1.; (¢).
The following Cauchy problem

dy; o o z E —ow o0 w0 700 00
% — 1//1 (t) “U; - \/1_—1)1 A2 time [sec]
0 (A2)
yi (0) = Y;

. . . . _ _ 3 1 g
can be solved analytically by separation of variables. Setting®’ Parametersm; =25000kg, p =1000kgnT, cg, =1, a; =
0.025s,ks =35 } , 1 =0.002 and supposing that (¢) has lin-

Fig. Al. Comparison ofv;, vi' and uf for the following set

m3.s
1-./1— ulp ear growth, is zero fat initial time and reaches 2.5min 7200s.

l—i-,/l—viO

t
¢i=/1ﬂi (s)ds, ko=
0

We also have

the solution of Eq. (A2) is
9. (A2) d?v; 52 vi2+vi—1+d1p,- 1—v
—_— = V; - — —_— .
» e%i®) dr2 ' Yo+ 12 dr 1+,
Ui = 4k0 . —12
(1+k0 et )) The first term in the parentheses switches from positive
I . . . . i b1 ;
In a similar way, since we are interested in solutions hav-{0 nNegative values foo; = o = *5-=. The sign of the sec-
ing values lower than one, these will satisfy ond one depends on the derivativeysf if in the observation

interval this function is non-decreasing, i.e. we are just con-

dv; 1 sidering the flood event, there will exist a valiie< U such
o 2 Vi0-vieVi-vi VA3 that the second derivative of is zero if §; is the image of
the functionu;. We then have two cases: eitheris convex
The Cauchy problem in the whole interval and; < o; or there exists an inflection
. L point at the time where the value ofreacheg); and thery;
G = i) -vi Vi-v; (A3) becomes concave.
yi (0) =P If, for example, we assume uniform flow conditions in a
wide rectangular channel (i.e. a river corridor), we can ap-
admits the following solution proximate the flow velocity using the formula
10 _ .3
ol = 4k ¢V o1 =ks-hi (0?°-i7,
Ui = 0" —2
o ® . . - i
ltke-e V2 whereks is the Strickler roughness coefficient angd the
slope. Then we have
; ; 1 1 7 )
~ Thus, whenever the values of are in the interval0, 1), U (t) ~ Zpeca k2 hi ()8 by-iy.
i.e. forr ef{re[0,T]:v;(r) € (0,1)} the following limita- aj-mi-g 2
tion holds If h; is increasing linearly im, i.e. h; (t) = af we obtain
=1 ~u
v (1) =vi (1) <v; (1) 1 1 31 , 10 )
()= ——— . —p-Cd —  — - kZ-h;i ()3 -b; -i+.
@i (1) 4 mi-g Zp Cd; 10 o s i (1) it lf

Using the above limits, it is then possible to predict, once
wiis known, if the object will be destroyed at the end of the  Then, considering different slopes or growth rates/far
observation time, to have estimates on the time it takes to gethe effect of the shape of both the two limiting curves and the
damages greater than some prescribed level or to have uppé‘dlnerablllty itself, is that of a rescaling of the time variable
and lower bounds on the vulnerability at the final observation(compare Fig. Al).
timeT.
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